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A surprisingly large fraction of the eukaryotic genome
is repetitive. More than one third of the human genome
consists of interspersed repetitive DNA, and tandemly
repeated DNA sequences may occupy as much as 10%
of the human genome. The majority of the repetitive
sequences are nongenic; the rest encode multigene fam-
ilies. The genomic organization of repetitive DNA se-
quences takes different forms: these repetitive sequences
either disperse throughout the genome, as with short
interspersed sequences (SINEs), long interspersed se-
quences (LINEs), and transposable elements, or, like
tRNA genes and human histone genes, they may cluster
in one or a few chromosomal regions. Multigene fam-
ilies, including those for ribosomal RNAs (rRNAs) and
small nuclear RNAs (snRNAs) (Pavelitz et al. 1995), as
well as noncoding sequences such as satellite DNA, mini-
satellite sequences, and microsatellite sequences (Char-
lesworth et al. 1994), are often arranged in tandem ar-
rays. Despite the abundance of repetitive DNA in the
genomes of eukaryotic organisms, the biological func-
tions, if any, of noncoding repetitive sequences remain
elusive. However, most repetitive sequences, whether
coding or noncoding, exhibit an unexpected property:
they evolve in a concerted fashion.
What Is Concerted Evolution?
When members of a repetitive family are compared,
greater sequence similarity is found within a species than
between species, suggesting that members within a re-
petitive family do not evolve independently of each other.
The molecular process that leads to homogenization of
DNA sequences belonging to a given repetitive family is
called “concerted evolution” (reviewed in Elder and
Turner 1995). Concerted evolution is a universal bio-
logical phenomenon. In species ranging from bacteria to
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mammals, most repetitive-gene families thus far exam-
ined undergo concerted evolution. In Escherichia coli,
there are seven operons encoding rRNAs 16S, 23S, and
5S. For each of these genes, rDNA sequences that are
represented in fully processed rRNA are essentially iden-
tical among all of the seven operons (Blattner et al.
1997). For example, the sequence divergence of all seven
16S rRNA genes is only 0.195% in E. coli strain K-12,
whereas, in a closely related bacterial species, Haemo-
philus influenzae, the coding regions of six ribosomal
operons are entirely identical (Fleischmann et al. 1995);
however, between E. coli K-12 and H. influenzae RD,
the sequence divergence of the 16S rRNA gene is 5.90%.
In most eukaryotic organisms, the ribosomal genes are
tandemly arrayed and undergo concerted evolution
(Arnheim et al. 1980; Coen et al. 1982; Schlo¨tterer and
Tautz 1994). Concerted evolution is also very well doc-
umented in the primate RNU2 locus, which encodes the
U2 snRNA. It has been shown that the U2 tandem array,
established early in the primate lineage, has been stable
for 135 million years and has evolved in a concerted
fashion in various primate lineages (Pavelitz et al. 1995).
Specifically, Old World monkeys (baboons, macaques,
and talapoins) have an 11-kb U2 repeat unit, whereas
apes (gibbons, orangutans, gorillas, and chimpanzees)
and humans have a 6-kb repeat unit (Matera et al. 1990).
Subsequently, it had been shown that the 5-kb difference
between Old World monkeys and the hominoid U2 re-
peat unit is due to homologous excision of a 5-kb se-
quence of a 6-kb provirus, which left behind a 1-kb-
long solo long terminal repeat (LTR) (Pavelitz et al.
1995). Thus, concerted evolution spread deletions of 15
kb, from one repeat to all other copies in the ancestral
hominoid genome. Concerted evolution has also been
observed in protein-coding multigene families, such as
those encoding histones (Coen et al. 1982) and ubiquitin
(Nenoi et al. 1998), as well as in noncoding sequences
ranging from vast a satellites to dispersed simple repeats
(Elder and Turner 1995).
Both the general phenomenon of concerted evolution
and the underlying mechanisms have been reviewed else-
where (Dover et al. 1993; Jinks-Robertson and Petes
1993; Elder and Tuner, 1995). More-recent studies, dis-
cussed here, provide fresh insights into molecular mech-
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Figure 1 Model for the molecular mechanism of concerted ev-
olution. A, Organization of tandemly arrayed human U2 snRNA genes
(the RNU2 locus). The copy number of the 6.1-kb U2 repeat per
tandem array varies widely in humans, ranging from 5 to 130. The
structure of the U2 repeat unit is depicted in an enlarged form at the
top (Pavelitz et al. 1995). Some sequence elements within the U2 repeat
are indicated, including two tandemly repeated Alu sequences, an LTR,
a CT microsatellite, and a truncated L1 element. The U2 snRNA cod-
ing region is shown as an unblackened arrow. Restriction sites are as
follows: D  DraI; Eco  EcoRI; H2  HincII; H3  HindIII; K 
KpnI. B, Model for concerted evolution of tandemly repeated multi-
gene families. Two tandem arrays, together with their flanking DNA,
are illustrated. The coding sequences are depicted as unblackened ar-
rows, and the intergenic spacers are depicted as lines. The flanking
sequences of the two arrays are differently labeled (as either blackened
or cross-hatched boxes). A mutation arises in a repeat unit on the top
array (indicated by a black circle), which is spread rapidly throughout
the top array by intrachromosomal homogenization mechanisms. This
mutation is then spread farther, to the lower tandem array, by inter-
chromosomal gene conversion. Note that no exchange of flanking
sequences is involved in such interallelic events. Finally, the mutation
is fixed in the second array, by additional rounds of intrachromosomal
homogenization (see Liao et al. 1997).
anisms of concerted evolution, as well as into its pro-
found biological implications.
How Many Routes to Concerted Evolution?
Greater sequence similarity of a repetitive multigene
family within a species than between species implies that
organisms possess mechanisms that maintain sequence
homogeneity in a repetitive-gene family. The intraspecific
homogenization of repetitive-sequence arrays is believed
to be the result of a number of DNA recombination,
repair, and replication mechanisms, such as unequal
crossing-over between repeating units, gene conversion,
and gene amplification (Liao et al. 1997, and references
therein).
Recent studies on multigene families encoding snRNA
U2 and rRNA have provided some new insights into the
mechanism of concerted evolution. The human RNU2
locus consists of multiple tandemly arrayed 6.1-kb re-
peats (see fig. 1A) and resides in a single chromosomal
region at 17q21-22, just telomeric to the human BRCA1
locus. The copy number of the 6.1-kb U2 repeat varies
widely within individuals and populations, ranging from
5 to 130 copies per U2 tandem array, suggesting a high
level of ongoing recombination within or between
RNU2 loci (Liao et al. 1997). Analysis of several poly-
morphic markers has indicated that individual U2 tan-
dem arrays are entirely homogeneous for specific poly-
morphic alleles, although different alleles of each
markers can occur in any combination. Thus, sequence
homogenization occurs primarily along chromosomal
lineages. Studies of sequences flanking the U2 tandem
array have revealed tight association of specific haplo-
types in left and right junctions of the U2 array. There-
fore, individual U2 arrays do not exchange flanking
markers, despite independent assortment and subse-
quent homogenization of specific polymorphic markers
within a U2 array. In view of these results, it has been
proposed that the primary driving force for concerted
evolution of tandemly repeated multigene families is in-
trachromosomal homogenization; interchromosomal ge-
netic exchange is much rarer and proceeds by gene con-
version–like mechanisms (fig. 1B; also see Liao et al.
1997).
In studying polymorphisms within the internal tran-
scribed spacer of rDNA arrays in populations of Dro-
sophila melanogaster, Schlo¨tterer and Tautz (1994) and,
more recently, Dover and colleagues (Polanco et al.
1998), found that individual rDNA arrays are homog-
enized for different polymorphic alleles, indicating that
intrachromosomal recombination events occur at rates
much higher than those for recombination between ho-
mologous chromosomes at the rDNA loci. Similarly, in
the plant Arabidopsis thaliana, two arrays encoding
∼1,500 rRNA genes occur on different chromosomes,
with specific polymorphic alleles largely homogeneous
in each rDNA array. Interestingly, different polymorphic
alleles can be found within an individual array, but spe-
cific alleles exist in homogeneous adjacent units, not dis-
persed throughout an rDNA array (Copenhaver and Pi-
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kaard 1996). Moreover, in the mouse germ line, gene
conversion between duplicated genes on the same chro-
mosome occurs at a frequency higher than that which
occurs when they reside on different chromosome (Murti
et al. 1992, 1994). These observations are fully consis-
tent with the proposal that intrachromosomal homog-
enization is faster than interchromosomal recombina-
tion, as described above.
Specific mechanisms responsible for intrachromoso-
mal homogenization are unknown, but either intrachro-
mosomal gene conversion or unequal sister-chromatid
exchange (USCE) could, in principle, account for in-
trachromosomal recombination in concerted evolution.
Both USCE and gene conversion can explain the ob-
served variation in copy number from 5 to 130 U2 re-
peats per U2 array, since gene conversion can also lead
to expansion or contraction of tandemly arrayed genes
(Liao et al. 1997, and references therein).
Gene Conversion in Concerted Evolution
To account for sequence homogeneity of a repetitive
multigene family within a population or a species, there
must be genetic exchange between homologous or non-
homologous chromosomes. Because of the absence of
reciprocal exchange in markers flanking the U2 tandem
array, the most probable mechanism for interchromo-
somal genetic exchange is gene conversion (Liao et al.
1997). Gene conversion (see Schimenti 1999 [in this is-
sue]) is the nonreciprocal transfer of genetic information
between similar sequences, in which exchange of flank-
ing DNA is not involved. Gene conversion is very pre-
cise, leading to homogenization of only specific DNA
regions, such as coding sequences; little flanking-se-
quence identity is required (Abdulkarim and Hughes
1996) for efficient gene conversion. The frequency of
interchromosomal gene conversion need not be high,
since theoretical modeling has predicted that very low
levels of gene conversion, between both homologues and
nonhomologues, are effective in the homogenization of
multigene families (Ohta and Dover 1983). It has been
shown that gene conversion is responsible for homog-
enization of dispersed genes in bacteria (Abdulkarim and
Hughes 1996) and yeast (Amstutz et al. 1985). Thus, it
is reasonable to assume that gene conversion is the gen-
eral mechanism responsible for concerted evolution of
all dispersed genes (see Murti et al. 1994). Especially
rapid gene conversion is believed to be responsible for
concerted evolution of rDNA gene arrays in the lizard
Heteronotia binoei (Hillis et al. 1991).
Cis- and Trans-Factors That Influence Concerted
Evolution
It appears intuitively true that, because members of a
tandemly repeated–gene family reside in close proximity,
this organization should allow for efficient homogeni-
zation. Indeed, in higher eukaryotes, gene conversion
seems to occur mainly between genes that are close to
each other, although sometimes they may be in head-to-
head orientation rather than arrayed tandemly (Benedict
et al. 1996). Simulation studies also have indicated that
effective homogenization of dispersed genes by gene con-
version can only be achieved when the number of dis-
persed genes is small (Ohta and Dover 1983). This view
is consistent with the observation that intrachromoso-
mal homogenization is much faster than interchromo-
somal exchange. Homogenization of widely interspersed
genes has been demonstrated only in bacteria and yeast,
organisms whose genomic complexity is relatively small.
The enzymology involved in sequence homogeniza-
tion is not known. Many proteins in DNA recombina-
tion, replication, and repair are likely to play roles in
various steps of homogenization. Some clues may come
from the study of sequence homogenization of the tuf
genes of Salmonella typhimurium. Abdulkarim and
Hughes have shown that general recombination enzymes
RecA, -B, -C, and -D are required for gene conversion,
whereas, surprisingly, mismatch-repair enzymes MutS,
-H, -L, and -U interfere with the homogenization pro-
cess. Strains lacking functional RecA and RecB essen-
tially abolish gene conversion, whereas mutations in-
activating MutS and MutL increase the rate of
homogenization by three orders of magnitude (Abdul-
karim and Hughes 1996). The results of studies in hu-
man cells appear to be consistent with these observa-
tions. Despite the microsatellite instability that is the
hallmark of human mismatch-repair defects, U2 tandem
arrays in human cells lacking mismatch-repair or nucle-
otide excision–repair genes are as homogeneous as are
those in cells with normal repair functions (C. Jiang and
D. Liao, unpublished data).
Population Behaviors of Multigene Families
It is important to recognize that concerted evolution
is a complex process. It involves homogenization of a
mutation in an array in a genome containing both ho-
mologous and nonhomologous chromosomes. Thus, to
understand the concerted evolution of multigene fami-
lies, the population dynamics of these chromosome line-
ages must be investigated. Owing to its relative small
size, uniform structure, and single chromosomal loca-
tion, the human RNU2 locus provides an excellent sys-
tem with which to study the population behaviors of
multigene families. Initial analysis of U2 genes in diverse
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human populations ranging from African Pygmies to
Indian tribes in South America has yielded insights into
the molecular mechanism of concerted evolution and
also into human genome diversity and population his-
tory (Liao et al. 1997). First, alleles of polymorphic
markers within the U2 tandem arrays are present in all
populations studied, suggesting that they have persisted
for most of human history. Thus, elimination or fixation
of a particular allele within a multigene family in a pop-
ulation by concerted evolution may take an exceedingly
long time. Second, at least five types of different U2
tandem arrays have been identified thus far, all of which
are present in African populations. Consistent with a
growing body of genetic data suggesting that modern
non-African populations resulted from a recent migra-
tion from Africa, only two of these five variants are
represented in diverse non-African populations. Third,
the two types of RNU2 loci in non-African populations
exist in linkage disequilibrium with flanking markers,
suggesting that only a limited number of people migrated
out of Africa and that their descendants populated the
rest of the world. Moreover, linkage disequilibrium of
RNU2 loci in diverse non-African populations also im-
plies that any interchromosomal genetic-exchange event
at the RNU2 locus is very rare, and thus it might rep-
resent the rate-limiting step in concerted evolution (fig.
1B; also see Liao et al. 1997).
A species-specific mutation must arise initially in one
repeat in a particular array in a single individual; the
dynamics of its spread will depend on rates of recom-
bination within and between chromosomes and will be
subject to both natural selection and random genetic
drift. Early computer simulations indicated that, if the
mutation rate is high relative to the rate of spread of a
variant through an array, heterogeneity is expected
among the repeating units; only if mutation is slow rel-
ative to fixation would homogeneous arrays result (re-
viewed in Elder and Turner 1995). Because most mu-
tations are believed to be selectively neutral, and because
fixation of a neutral allele is inefficient in large popu-
lations, genetic drift is often inadequate to explain the
concerted evolution of a group of genes.
The rate at which active monitoring and gene ho-
mogenization must occur may depend on the biological
system concerned. The rate of sequence homogenization
of the two Salmonella tuf genes by gene conversion is
∼1,000-fold higher than that of spontaneous mutation.
Because of this high homogenization rate, the DNA se-
quence of the two tuf genes is 99% identical. The rate
of recombination at the bacterial rRNA operons may be
even higher, as much as 1,000-fold higher than that of
gene conversion at the Salmonella tuf loci (Lan and
Reeves 1998). Indeed, there are many more rRNA genes
to be homogenized, so this additional level of activity
may be needed for effective homogenization. These ob-
servations support the view that concerted evolution of
multigene families may not be simply a result of sto-
chastic recombination but, rather, may reflect a require-
ment for the cell to maintain sequence homogeneity
within a multigene family.
How Do Multigene Families Escape from Concerted
Evolution?
The mechanism of concerted evolution described
above is based on studies with multigene families.
Whether this model applies to repetitive noncoding
DNA is unknown, although theoretical considerations
and some sequence data appear to indicate that con-
certed evolution of repetitive noncoding DNA sequences
may, by and large, proceed through similar mechanisms
(Elder and Turner 1995). However, it is important to
bear in mind that, although some repetitive noncoding
sequences exhibit apparent species-specific sequence ho-
mogeneity, much of this may reflect recent amplification
and transposition, rather than active sequence homog-
enization. These alternatives can be distinguished by the
pattern of divergence among orthologous sequences in
several closely related species. Phylogenetic analysis of
repetitive sequences should consistently reveal cohesive
grouping of sequences within a species if they undergo
concerted evolution. Conversely, if there is no sequence
homogenization among members of a repetitive family,
one would not necessarily expect that they form a spe-
cies-specific monophyletic cluster; some more-divergent
members may be scattered within the phylogenetic tree,
and they may even group together with sequences from
different species. One excellent example in this regard
is the analysis of multigene families of the vertebrate
immune system. These multigene families were initially
thought to undergo concerted evolution, but recent anal-
yses by Nei et al. (1997) have shown that multigene
families of the immune system do not evolve in a con-
certed fashion; rather, they evolve by the so-called birth-
and-death process (Nei et al. 1997). First, these workers
found that members of the major histocompatibility
complex (MHC) and immunoglobulin (Ig) gene families
from the same species are not always more closely re-
lated to one another than to the genes from different
species, and no significant genetic exchange among the
members of these multigene families was discernible.
Second, duplications of MHC and Ig genes are common,
and their pseudogenes are abundant. Thus, in the birth-
and-death model of evolution, duplicate genes are pro-
duced in a gene family; some members of the family
diverge functionally, others become pseudogenes be-
cause of deleterious mutations, whereas still others are
deleted outright from the genome. As a result, a birth-
and-death model for gene evolution would predict the
coexistence of divergent groups of genes with highly ho-
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mologous genes plus a substantial number of pseudo-
genes in a multigene family.
DNA sequence duplication is believed to be the main
source of new genes in evolution. Duplicated genes may
diverge and acquire new functions, or they may become
functionally inactivated and remain in the genome as
pseudogenes. The third alternative is that all copies may
be maintained in their original form; the homogenizing
effect of concerted evolution favors this last possibility
and acts to slow genetic and, hence, functional diversity.
Clearly, the emergence of genetic novelty shows that this
process is not universal. It is now clear that not all re-
petitive DNA families undergo concerted evolution, as
discussed above for the MHC and Ig multigene families
(Nei et al. 1997). In addition, some Alu elements (Koop
et al. 1986) and some LTR elements (Liao et al. 1998)
seem to be free to diverge from one another. Further-
more, the rate of homogenization of a gene family does
not appear to be uniform throughout its evolutionary
history. Sequence analyses of globin genes (see Goodman
1999 [in this issue]) in various species indicate that some
duplicated genes may initially undergo homogenization
by gene conversion but that, once the sequences have
diverged sufficiently, this mechanism is no longer effi-
cient and that genes therefore evolve independently
(Brunner et al. 1986; Murti et al. 1992).
The chromosomal locations of duplicated genes may
also affect whether they undergo active recombination,
as required for concerted evolution (Murti et al. 1994).
It is known that recombination is suppressed in some
chromosomal regions, such as centromeres and telo-
meres (Charlesworth et al. 1994). Cis-acting elements
may also influence whether duplicated genes undergo
concerted or divergent evolution. One example can be
found in the early chorionic-gene families of the silk
moth Boxbyx mori. There are two families of early cho-
rionic genes, ErA and ErB, closely linked on one chro-
mosome. The genes of the ErA family exhibit 96% se-
quence identity, whereas those in the ErB family exhibit
only 63% sequence identity. Sequence analysis has sug-
gested that microsatellite-like simple repeats present in
the ErA family but not in the ErB family may account
for the difference in homogenization, because simple se-
quence repeats can be the site for initiation of gene con-
version (Hibner et al. 1991). Microsatellite sequences in
the human RNU2 locus may also play a role in concerted
evolution (Liao and Weiner 1995).
Exploiting Concerted Evolution for Novel Biological
Purposes
It is interesting to note that multigene families un-
dergoing concerted evolution generally encode abundant
RNA or protein molecules, such as rRNAs, snRNAs,
and histones. For example, there are as many as 10 mil-
lion copies of rRNA per cell, and, because rRNAs are
structural molecules, translation is not available, as it
would be for a protein-coding RNA, to amplify expres-
sion of a primary gene product. Thus, transcription of
a single ribosomal gene would clearly not suffice; mul-
tiple gene copies are necessary to meet the demand for
ribosomal subunits in a growing cell. However, because
these abundant molecules function only when they are
assembled into large complexes, homogeneity of rRNAs
is crucial if all of the steps of ribosome assembly and
translation are to proceed normally. One can therefore
envision that a possible biological function of concerted
evolution is to maintain homogeneous gene copies in a
family so that homogeneous transcripts can be pro-
duced. Thus, concerted evolution can be viewed as one
form of “quality control” in the production of com-
ponents for complex macromolecular machines in the
cell.
Support for this view comes from study of the rDNA
genes in flatworm species Dugesia mediterranea, in
which quality control is managed differently. In this spe-
cies, 18S rRNA genes are, in fact, heterogeneous, but
only one type of 18S rRNA gene appears to be expressed
(Carranza et al. 1996). Presumably, the simultaneous
expression of heterogeneous rRNA genes would be del-
eterious to cells in the flatworm.
Paradoxically, concerted evolution could also lead to
biological diversity and population differentiation. It has
been hypothesized that genes evolving by concerted ev-
olution generate selective pressure on the gene of their
cognate interacting protein (Dover 1993). The observed
species-specific transcription of rRNA genes by RNA
polymerase I (Pol I) may lend support to this view. Unlike
class II– and class III–specific transcription factors
(TATA box binding protein [TBP] and TBP-associated
factors [TAFs]), Pol I transcription-initiation factor (TIF-
IB/SL1) exhibits pronounced species specificity. It is
thought that concerted evolution randomly samples and
homogenizes species-specific mutations of the rDNA ar-
rays including the Pol I promoter region, whereby such
concerted change of promoter sequences would drive
adaptive evolution (coevolution) of species-specific tran-
scription factors (Heix and Grummt 1995). Although
the biological significance of species-specific Pol I tran-
scription remains unclear, it might, conceivably, con-
tribute to species differentiation. Indeed, concerted ev-
olution may be a profound genetic force promoting
speciation. It is well known that proteins involved in
gamete recognition undergo rapid, adaptive evolution
and that gamete interactions during fertilization exhibit
species specificity. It remains unclear what evolutionary
force creates this specificity in internally fertilized species
such as mammals. Recent experimental results have sug-
gested that concerted evolution of the egg receptor for
sperm protein may be the molecular basis that gives rise
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to species-specific fertilization (Swanson and Vacquier
1998).
Summary
Concerted evolution is a fundamental process. It op-
erates in all organisms. The molecular mechanism un-
derlying concerted evolution has just begun to emerge.
Genetic analyses of multigene families such as rDNA
and snRNA genes in diverse populations will continue
to yield useful information regarding the population dy-
namics of multigenes and will provide clues to the mech-
anism of concerted evolution. The challenge ahead is to
establish an experimental system to investigate the mo-
lecular details of sequence homogenization during con-
certed evolution, particularly in higher eukaryotes.
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